A free-surface velocity divergence is highlighted as a key parameter of the gas transfer, because accurate divergence value can be obtained with advances of the PIV technique. However there still remain uncertainties about relation between free-surface divergence and gas transfer velocity in open-channel flows such as natural rivers. In this study, we conducted a horizontal free-surface PIV in laboratory flume together with DO measurements. A new physical model of gas transfer parameterized by the free-surface velocity divergence is proposed and this validity is examined intensively by comparison with present measured data.
INTRODUCTION
Various aquatic ecosystems are generally formed in natural rivers and basins. Unfortunately, rapid development of industries results in poor water quality and gives bad impacts on aquatic lives includes vegetations. To keep and recreate natural water environment in river streams, it is of very importance to need interdisciplinary researches composed of hydraulics, civil engineering, agriculture science, meteorology hydrology and chemical engineering etc. In particular, we highlight gas transfer phenomena beneath free-surface in open-channel flows. Distribution of dissolved oxygen gas (DO) is one of the most significant key topics associated with water quality in natural rivers.
The gas transfer beneath an air / water interface has been studied for a long time, and many practical models have been proposed, e.g., Jahne & Haussecker (1998) and Herlina (2005) . Some researchers examined the applicability of these gas transfer models to the open-channel flows. For example, Gulliver & Halverson (1989) measured the gas transfer velocity in a laboratory flume, in which water currents could be induced by a bottom-situated moving belt, and they pointed out that coherent turbulence events such as ejections and sweeps play significant roles. Moog et al. (1999) suggested that the gas transfer phenomenon observed in open-channel flows obeys well with a small-eddy model, in which the gas transfer velocity is scaled using by small-scale turbulence static parameter such as turbulence dissipation rate.
Although some researchers, e.g., Hosokawa (1986) measured re-aeration coefficient in natural river by using a gas tracer method, it is generally difficult to evaluate the gas transfer velocity in river flows by using theoretical models. So, still now, most river engineers depend on some empirical formulae, in which the gas transfer velocity is evaluated by mean velocity, water depth and so on. Of course, these practical methods are not able to cover effects of bursting motion and secondary currents. Particularly, the free surface turbulence is influenced by not only the mean velocity and the water depth but also a bed configuration and an aspect ratio of the channel. In contrast, MacCready (1986) proved that the divergence of free surface velocity (SD) is closely relevant to the gas transfer process through the air / water interface. With an innovative development of PIV measurements, we can obtain planer distribution of two velocity components which is needed to cal-culate the surface velocity divergence. Tsumori & Sugihara (2007) conducted PIV and LIF measurements in oscillation grid tank, and they suggested that the SD model corresponds with the small-eddy model. Tambrino & Gulliver (2002) revealed the significance of the peak spectrum of the SD value. Banergee et al. (2004) conducted DNS and reported that the SD model could be applied to not only the open-channel flows but also the free-surface currents induced by a wind shear. However there still remain uncertainties about the relation between the free-surface divergence and the gas transfer velocity in open-channel flows such as natural rivers. In this study, we conducted a horizontal free-surface PIV in laboratory flume together with DO measurements. A new physical model of gas transfer parameterized by the free-surface velocity divergence is presented and the validity is proposed intensively by comparison with present measured data. Recently, applications of PIV technique to natural rivers are highlighted intensively as pointed out by Fujita (2007) . It is thus expected that combination of the PIV measurement and the SD based model will allow us to evaluate the gas transfer velocity in natural rivers. In near future, the surface velocity divergence will be one of basic hydrodynamic values in river flows such as water depth and bulk-mean velocity. The surface divergence includes turbulence information of bursting phenomena generated in the bottom layer, and thus, when we consider it to evaluate the gas transfer in natural rivers, a reasonable prediction model can be developed. The present study plays a role as the first step to obtain the above-mentioned goal. We conduct laboratory measurements varying hydraulic conditions systematically, and develop an accurate prediction formula for the gas transfer velocity in the open-channel flows.
EXPERIMENTAL SETUP
(1) Methods of velocity and DO measurements Fig.1 shows a glass-made water flume that was 16 m long, 40 cm wide, and 50 cm high tilting one. In this flume, water current was controlled by electromagnetic flow meter and personal computer. Streamwise, vertical and spanwise coordinates are , x y and z , respectively. The vertical origin, , y 0  was chosen as the channel bed. The time-averaged velocity components in each direction are defined as , U V and W , and the corresponding turbulent fluctuations are , u v and w , respectively. The measured region was located at about 7m downstream from the channel entrance, at which the turbulent flow was fully developed. 2-W YAG laser (not pulse-like) was used for the laser light sheet (LLS). The 2mm thick LLS was projected horizontally in the free-surface elevation. The spatial resolution is about 0.22mm per pixel. The horizontal plane was illuminated 1mm under the free-surface with tracer particles (diameter of 100 m and specific density of 1.02) and captured by a high-speed CMOS camera. The time-variation of the instantaneous ve- was calculated by PIV algorithm. The PIV analysis was conducted by the direct correlation method, in which the interrogation window size is 25  25 pixels. When the correlation value between the first and second image patterns is less than 0.4, a local velocity vector was judged an invalid vector, and an interpolated velocity data was given to the corresponding position by using surrounding valid vectors.
DO measurements were also conducted to evaluate the gas transfer velocity in the same manner as Moog et al. and Nakayama & Nezu (1999) . After calculation of reaeration coefficient 2 k , the gas transfer velocity L k could be obtained multiplying 2 k and H together. Such measured data of the transfer velocity was modified to one expected at 20 C  of the water temperature. It is generally known that convection effects should be considered in the streamwise distance when we calculate 2 k in the open-channel flows as pointed out by previous studies. In the present experiment, two DO meters were aligned in the streamwise direction with 9 m span as shown in Fig.1(b) . These measured signals are transferred to the data logger every 1.0 second, and 2 k were evaluated in the same manner as Moog & Jirka.
(2) Hydraulic condition 
THEORETICAL BACKGROUND OF GAS TRANSFER MODELING
The gas transfer phenomenon through the free-surface could be modeled physically by using the gas transfer velocity and reaeration coefficient. Many previous studies suggest various theorems, and one of the most fundamental models is a surface renewal model, i.e., SR model proposed by Danckwerts (1951) . SR model gives the gas transfer velocity L k in a following form.
in which D and r are molecular diffusivity and suface renewal rate, respectively. Considering how r has to be defined yield derivative modelings, e.g., Large-eddy model and Small-eddy model. The surface velocity divergence at the air/water interface  could be defined by a following way, in which tilde means instantaneous component.
When β is introduced instead of vertical velocity component ṽ , a transport equation of dissolved gas is given by This form implies that  is a significant factor when vertical gas transport is prevalent much more than longitudinal and spanwise ones. 
RESULTS AND DISCUSSIONS
(1) Time-variation of instantaneous horizontal velocity components Fig.2 (2) Surface divergence intensity Fig.3 shows relation between the surface divergence intensity   and the free-surface velocity / the water depth.   is equal to R.M.S value in the same fashions as turbulence intensity.   was calculated by time-series of  during60 seconds. A fluctuation of water surface is negligible by small in the present hydraulic cases, and thus, a vertical velocity could be given by zero. When we consider s ṽ and s ' v situated under the free surface with distance, y  , a following relation is obtained.
It is well known that turbulence intensities obey universal functions proposed by Nezu & Nakagawa (1993) except for near the bottom and free-surface regions, and they could be normalized by a bottom friction velocity * U . Although, there still remain uncertainty about turbulence structure near the surface, when we assume '
and it is then expected that   is proportional to s U . This tendency is surely observed in Fig.3 .
In contrast, a variation of   is relatively small against the water depth.   is maximum at 2 = H cm, and keeps constant in the rage of 4  H cm. The turbulence generated near the bed is transferred toward the free-surface region accompanied by strong bursting events. Komori et al. (1986) have revealed that bursting frequency near the bottom is strongly correlated with one related to surface renewal eddies. The coherent bursting motion is diffused signifi- cantly during vertical convection to the free-surface. The diffusion may not be promoted in the shallow water flows extent to over H =4cm, due to the short traveling distance of upward bursting events. This induces larger surface divergence in the case of H =2cm.
A dependency of   on Reynolds number is also examined, in which   , H , s U ,  and  are chosen as key parameters for dimensional analysis.  and  are density and viscosity of water, respectively. The pi theorem obtains following two dimensionless parameters.
These equations imply that the normalized surface divergence,
, depends strongly on Reynolds number. Fig.4 shows relation between   and Re. It is found that present result fits a following function the best, although there are some scatters in a low Reynolds number region. Transport equation of normalized gas concentra- (9) in which 0 C and s C are initial and saturated gas concentrations, respectively. The first and second terms in the right-hand-side mean unsteady process and convection transport, respectively. Reaeration coefficient
could be evaluated measuring these two terms. Fig.5 shows time-variation of normalized concentration of oxygen gas in the case of  s U 9.5cm/s and = H 4cm, in which two kinds of results in downstream and upstream sides are compared. Due to exist of sodium sulfite released at the initial stage, there is no variation of DO in the range of 0 to 12000 second, irrespective of longitudinal position. Thereafter, normalized concentration decreases corresponding to increase of DO. It is noted that slope of two lines are quite same, and it means the unsteady term in Eq. (9) . Furthermore, the gap of these decay lines allows us to evaluate convection term in Eq.(9). Fig.6 shows relation of the surface velocity s U and the gas transfer velocity L k , and another relation of the water depth H and L k is also indicated. It is found that the gas transfer is promoted more significantly as the streamwise velocity and water depth increase in the open-channel flows. This suggests that the gas transfer depends strongly on Reynolds number.
(4) Examination of surface divergence model
The validity of the SD model was examined mainly for the grid-stirred tank experiments. However, not much is known about open-channel flows. The proportional coefficient α in the original SD depends on the water depth as above mentioned. So, in a newly proposed model, the water depth is chosen as characteristic length scale. It is further important in modeling of r to select only hydrodynamic values obtained by horizontal PIV measurements in field measurements in terms of practical use. When the surface streamwise velocity is chosen as characteristic velocity, the new transfer model is indicated in the following way. As above mentioned, the surface renewal process is correlated to the coherence turbulence, and thus, the turbulence statistics such as turbulent kinetic energy, turbulence intensity and eddy's convection velocity and so on, may be better for the characteristic velocity scale than the time-averaged velocity such as s U . When we assume that vertical turbulence intensity at the free-surface is negligieble by small compared to streamwise and spanwise ones, the turbulent kinetic energy of the free-surface s k could be indicated by
When s k is used for s U , the following relation could be introduced. Us=9.5cm/s, H=4cm 
Fig.6 Relation among gas transfer velocity, surface streamwise velocity and water depth.
05. This suggests that proportionality (12) is more useful than (10) . Then, equation (13) could be proposed for an experimental formula about the gas transfer velocity in the open-channel flows.
In near future, we will examine Eq.(13) in larger scale laboratory flume and natural rivers. 
CONCULUSIONS
We focused on the gas transfer phenomena observed in the open-channel flows. The validity of the surface velocity divergence model was examined, and a newly modified SD model was proposed considering turbulent kinetic energy. It was recognized that our new model can cover in different water depth conditions, and thus we can conclude that there exists universal linear relation between the gas transfer velocity and the surface velocity divergence even in open-channel flows as well as the grid stirred tank and wind-induced water wave fields.
